Abstract. The suitability of spotlight counts to index red fox abundance was assessed in an arid environment through a comparison with a scat deposition index (active attractant). In most cases there was a high degree of correlation between the two indices, suggesting that the spotlight counts were accurately documenting fluctuations in population size. However, the precision of the spotlight index was often low (c.v. = 0.07-0.46), suggesting that the technique may not allow the statistical detection of small changes in abundance. During periods when there was an influx of new individuals into the population, the seasonal scat index displayed a three-month time lag in documenting abundance while foxes accustomed themselves to the presence of the regular food supply. The level of precision of the scat index was also found to be relatively low (c.v. = 0.21-0.48). Nevertheless, further refinements of this technique may produce a suitable measure of fox abundance.
Introduction
A wide range of techniques has been utilised to estimate the absolute or relative abundance of mammalian carnivores, including: active den counts (e.g. Coman et al. 1991) , active track counts (e.g. Thompson and Fleming 1994) , passive track counts (e.g. Mahon et al. 1998) , destructive sampling (e.g. Fleming 1997) , catch per unit effort indices (e.g. Algar and Kinnear 1991) , spotlight strip transects (e.g. Short et al. 1997) and spotlight line transects (e.g. Marlow 1992 ). Each of these techniques has advantages and disadvantages (Saunders et al. 1995; Mahon et al. 1998; Edwards et al. 2000) . Saunders et al. (1995) suggested that spotlight counts were a useful technique for monitoring changes in red fox (Vulpes vulpes) abundance over large areas of open habitat. However, more recently, Mahon et al. (1998) and Edwards et al. (2000) expressed concerns over the suitability of spotlight counts to index predator abundance. These studies found no correlation between spotlight counts and track count indices for foxes (Mahon et al. 1998) , feral cats (Felis catus) (Mahon et al. 1998; Edwards et al. 2000) or dingos (Canis lupus dingo) (Edwards et al. 2000) . Insufficient sampling across habitat types and incomplete sampling across the full range of a species' nightly activity patterns were suggested to explain these discrepancies.
Predation by red foxes is increasingly being implicated in the decline and extinction of many Australian native species (Short and Smith 1994; Saunders et al. 1995) . Much of the supportive evidence for this theory comes from predatorremoval experiments (e.g. Kinnear et al. 1998) , an essential part of which is the demonstration of reduced predator abundance in response to the removal activities (Hone 1994) . The current study formed part of a predator-removal experiment conducted within the remnant yellow-footed rock-wallaby (Petrogale xanthopus) population in New South Wales (see Lim et al. 1992) . The aim of this study was to assess the suitability of the spotlight technique and a novel scat-deposition rate index (based on the active attraction of foxes to feeding stations) to index changes in fox abundance in the chenopod shrublands of western New South Wales. Where possible, data were also collected on feral cat and wild dog (Canis familiaris) populations.
Methods
This study was conducted within the experimental control site of a predator-removal experiment. The site encompassed the north-eastern portion of Mootwingee National Park (31°14′00″S, 142°19′00″E) and the adjacent Cootawundy pastoral property, 120 km north-east of Broken Hill, New South Wales. The study area was typified by bluebush (Mariena spp.) and saltbush (Atriplex spp.) shrublands, situated on rolling downs. A 24-km spotlight transect was established in August 1995 and monitored seasonally (excluding autumn 1996) until winter 1998. Within each season, spotlighting was conducted over 4 consecutive nights (unless disturbed by rainfall). Spotlighting commenced 1 h after sunset and was conducted from the back of a Toyota Landcruiser utility vehicle travelling at approximately 10 km h -1 . Counts were undertaken by the same observer on all occasions, using a 100-W spotlight to scan a 180° arc in front of the vehicle. When a possible fox, feral cat or dog eye shine was noted, the vehicle was stopped and binoculars (Nikon 10×40) were used to identify the species. All animals seen within a 100-m-wide strip on either side of the vehicle were counted. The total number of each species counted each night was then adjusted to provide an index of population density based on the number seen per spotlit kilometre. Seasonal population indices were derived from the mean of the consecutive nightly estimates.
In May 1996, a free-feed baitline was established along the existing spotlight transect. Bait stations were located at 0.5-km intervals along the transect and baited on a fortnightly basis with unpoisoned Foxoff econobaits buried to a depth of 10 cm. Prior to each re-baiting, a 1-m radius around each bait station marker was searched for scats, which were collected and stored in individually identifiable bags. When the timing of the spotlight counts and scat collections coincided, the scats were collected following the completion of spotlighting to minimise the attraction of foxes to the transect, due to the presence of baits. Scat samples were examined to determine species identity, following the procedures of Brunner and Coman (1974) and Triggs (1996) . Scatdeposition rates, for individual collection periods, were calculated as the total number of individual scats collected divided by the number of days since the previous collection date. The mean seasonal deposition rate was then used as a seasonal index of abundance for each species. This index was calculated separately for (1) scats definitely known to belong to each species, and (2) positively identified scats plus scats that had a high probability of belonging to a particular species. Correlation analysis (Zar 1984) was used to examine the relationship between the spotlight and scat indices.
Results

Red fox abundance
The mean number of foxes counted per spotlit kilometre was 0.20-0.29 km -1 during the period winter 1995 to autumn 1997 (Table 1) . In winter 1997 the number seen dropped considerably (0.11 km -1 ) and remained low during spring 1997 (0.08 km -1 ). Fox abundance rose substantially in summer 1998 (0.38 km -1 ) and underwent a further increase in autumn 1998 (0.43 km -1 ), coinciding with the main dispersal period for juveniles (Saunders et al. 1995) . By winter 1998 fox abundance had returned to levels similar to those through the first part of the study (0.20 km -1 ). The coefficients of variation associated with the spotlight counts (mean = 0.28, range = 0.07-0.46) were sufficiently high (i.e. c.v. ≥ 0.20) to suggest that the index was an imprecise estimator of population abundance (Eberhardt 1978) . A comparison of the mean coefficients of variation from the samples before and after the commencement of the scat collections (0.35 and 0.26, respectively) suggested that the presence of the baits may have slightly biased the precision of the spotlight index.
In total, 1228 fox and possible fox scats were collected during the 27 months that the free-feed baitline was operating. On average, 22 scats were collected during each fortnightly sampling period (95% c.i. = 2.2). Most baits were usually taken within 2 days of being laid, while scats accumulated over the two-week period between samples. Mean deposition rates were 0.72-2.06 season -1 (Table 2) . A low degree of correlation was found between both the known fox scat index (r = 0.57, P > 0.05) and the known fox plus possible fox scat index (r = 0.50, P > 0.05) and the spotlight count index. However, much of this lack of fit was due to the apparent disagreement of the indices during winter 1996 and summer 1998 (Fig. 1) . With the removal of these two data points from the analysis (Fig. 1) , the level of correlation increased substantially to 0.95 (P < 0.01) for the known fox scat index and to 0.92 (P < 0.01) for the known and possible fox scat index. These data suggested that the spotlighting index was providing an accurate estimate of trends in fox abundance. The scat count indices displayed a low degree of precision (known fox scat index c.v. = 0.21-0.48; known and possible fox scat index c.v. = 0.19-0.45: Table 2 ).
Feral cat abundance
Feral cats were in low abundance throughout the study, with spotlight indices of 0-0.08 km -1 (Table 1) . These relative abundances approximated those observed by Edwards et al. (2000) at a site in central Australia (range = 0.007-0.043 km -1 ). It was impossible to evaluate the accuracy of the spotlight indices for feral cats because only a low number of scats were collected (n = 6), preventing the calculation of a scat index. However, the large degree of error associated with the indices (c.v. range = 0.71-2.00: Table 1) indicated that the technique was very imprecise.
Wild dog abundance
No wild dogs were sighted during any of the spotlight surveys, although their presence was indicated by the collection of 286 dog scats along the free-feed baitline. Without any seasonal spotlight indices it was impossible to undertake any evaluation of the accuracy of the scat count index. Nevertheless, an examination of the coefficients of variation associated with the scat count index (Table 2) indicated that the technique exhibited a low degree of precision (known dog scat index c.v. = 0.91-1.75; known and possible fox scat index c.v. = 0.53-1.25: Table 2 ).
Discussion
A conversion of the spotlight data to density estimates (strip transects) indicated that, for most of the study, fox densities (0.7-1.2 km -2 ) approximated those reported elsewhere for populations in arid and semi-arid Australia (0.6-0.9 km -2 : Marlow 1992; Saunders et al. 1995) .
Fox populations typically undergo increases in abundance from late spring through to autumn, coinciding with the period of independence and dispersal of juveniles (Marlow 1992; Saunders et al. 1995) , and declines during winter and spring, resulting from the senescence of adults and juveniles (Marlow 1992 ) and the stabilisation of territories. The study population appeared to follow this annual cycle of population fluctuation. The population was observed to peak in autumn 1997 and then undergo a large decrease in size between autumn 1997 and winter 1997 (e r = -0.93). This decrease may have been influenced by the additive effects of a decrease in rabbit numbers that occurred in spring 1996, following from the movement of rabbit calicivirus disease into the study area (Sharp et al., in press ). Molsher et al. (1999) reported a similar 6-month lag between a decline in rabbit abundance and a corresponding decline within a feral cat population. In addition, one month prior to the winter 1997 spotlight surveys, 81 foxes were shot (during one week) from an area on the periphery of the study site. It is probable that some of the foxes from the study site were shot during this period. It is also likely that excess individuals from the study site may also have been absorbed into the dispersal sink created by the culling activities. The spotlight index suggested that the fox population increased substantially between spring 1997 and summer 1998 (e r = 1.5), the timing of which is consistent with the predicted influx of dispersing juveniles. This increase was considerably larger than that observed between spring 1996 and summer 1997 (e r = 0.23), further suggesting a high mortality rate of resident individuals between autumn 1997 and spring 1997 (e r = -1.3). However, this increase was not apparent in the scat index. The population once again peaked in autumn 1998, followed by a decline in winter (e r = -0.77). The spotlight and scat indices were found to be in agreement on most occasions and were strongly correlated when data from winter 1996 and summer 1998 were excluded. Both of these discrepancies can be explained in biological terms, relating to the territorial nature of foxes (Catling and Philips 1991; Coman et al. 1991; Phillips and Catling 1991; Adkins and Stott 1998) and their use of scent markings to delineate territorial boundaries (White and Harris 1994) and to mark the locations of food sources (Henry 1977) . With the initial establishment of the free-feed transect, in winter 1996, it is likely that an interim learning phase existed, during which time the resident foxes were adjusting to the presence of the new, regular source of additional food and modifying their territorial boundaries accordingly. Similarly, the lower-than-expected scat index for summer 1998 would represent the interim learning phase for new foxes immigrating into the area, following the large population decline observed between autumn 1997 and spring 1997.
The suitability of spotlighting techniques to accurately index the abundance of mammalian carnivores has recently been questioned by Mahon et al. (1998) and Edwards et al. (2000) . Both of these studies compared spotlight counts of foxes (Mahon et al. 1998) , feral cats (Mahon et al. 1998; Edwards et al. 2000) and dingoes (Edwards et al. 2000) with passive track counts and found no apparent correlation between the two indices. These authors concluded that spotlighting was unsuitable for monitoring carnivore populations and suggested that this was due to (1) insufficient sampling of habitat types, (2) insufficient sampling of the species' nightly activity patterns, and (3) aversion to the spotlight by some animals (particularly feral cats). However, the results of the current study somewhat contradict these findings.
Much of the discrepancy between the current study and that of Mahon et al. (1998) may lie in the type of habitat in which the studies were undertaken. The study of Mahon et al. (1998) was conducted in the Simpson Desert, an area characterised by the strongly dichotomous habitats of sanddune crests and swales. Mahon et al. (1998) found that foxes were preferentially using dune crests; however, their spotlight transects traversed the dune swales. As a result, the dune crests would have been at the periphery of observer vision and foxes may have been under-counted. In contrast, the spotlight transects used in the current study were located on roads that followed the high ground, resulting in a more equitable sampling of all habitats. In addition, the predominance of bluebush, saltbush and copperburr communities at our site would have allowed for approximately equal sightability across vegetation types.
It was suggested by Mahon et al. (1998) that seasonal differences in the temporal activity patterns of foxes may be reflected as changes in population size, if the timing of spotlight counts is not varied between seasons to accommodate these changes. Data from the current study suggested that this was not the case. As the collection period for the scat count index (approximately 2 weeks long) would have encompassed all variations in daily and within-season activity patterns, the concurrence of the two indices suggested that foxes were active during the nightly spotlight periods, across all seasons.
While the results of the current study suggested that fluctuations in fox abundance were being accurately portrayed by the spotlighting counts, the level of precision associated with the counts was often low. The noted level of variation was far below those noted in other spotlight studies of foxes (e.g. 0.0-1.0: Stahl and Migot 1990) and approximated those reported by Short et al. (1997) during spotlight counts of feral cats (0.4-0.5). The mean precision of the spotlight indices appeared to increase slightly following the commencement of the scat collections in winter 1996. This may have resulted from the rearrangement of fox territories to encompass the new food sources. Nevertheless, levels of variation were sufficiently high to question the suitability of the technique to provide a valid index of population size (i.e. >0.2: Eberhardt 1978), as minor changes in population size would be difficult to detect statistically.
Small samples prevented the calculation of a scat index for feral cat abundance and therefore no assessment of its validity was possible. However, the large degree of error associated with the spotlight indices (c.v. range = 0.66-2.0) suggested that the index was a very crude measure of abundance. Similar imprecise estimates were noted by Edwards et al. (2000) , with coefficients of variation of 0.68-2.23. Spotlight counts for feral cats often display a strong negative bias (e.g. Jones and Coman 1982) and Edwards et al. (2000) reported data that suggested that this bias was not constant through time (cf. Jones and Coman 1982) . Such varying degrees of bias imply a violation of the primary assumption of linear index measures, i.e. that of constant bias within and between samples (Seber 1982) , and would make spotlight indices of feral cat abundance unusable.
The results of the scat count index for wild dogs confirmed the suggestions of Mahon et al. (1998) and Edwards et al. (2000) that spotlight indices are unsuitable for the monitoring of dingo/wild dog populations. In the current study, 286 dog scats were collected, across all seasons, while no dogs were noted during any of the spotlight surveys. Edwards et al. (2000) reported similar findings, with a low occurrence of dingo observations during spotlight counts, while considerable dingo activity was apparent on a concurrently monitored system of passive sandplots.
The scat count index, developed in this study, has the potential to provide a reliable measure of fox (and possibly wild dog/dingo) abundance, though further investigations are warranted. The index appeared to accurately document the dynamics of the relatively stable fox population, the fluctuations of which were driven by gradual population processes (e.g. average rates of seasonal recruitment and mortality). However, the index was found to perform poorly when there was rapid turnover of individuals within the population. While the decline phase of these fluctuations was discernible, subsequent increases in population size were detected only after a lagged period. This lag effect was probably the result of an interim period required for new individuals in the population to discover and accustom themselves to the presence of the supplemental food provided by the bait stations. As a result, the application of this index to populations that may undergo extreme fluctuations (e.g. drought, sudden crashes in prey abundance, population control programs) may be limited.
Scat-deposition indices have been previously trialed in the monitoring of coyote (Canis latrans) abundance (Henke and Knowlton 1995) . These studies have calculated deposition rates based upon the number of scats deposited along segments of roadway during specific periods. Balcomb (unpublished, see Henke and Knowlton 1995) suggested that potential biases associated with this technique included (1) observers missing scats during collection, and (2) vehicular traffic greatly reducing scat persistence. These problems were inconsequential in the current study as scats were collected from defined stations located to the side of roadways. Problems associated with spatial and temporal serial correlation (Engeman et al. 1998; Edwards et al. 2000) were also largely avoided because of the substantial period of time between individual samples and through the pooling of data within seasonal sampling periods.
Although the fox scat indices displayed a relatively low degree of precision, further refinements in methodology and/ or data analysis may reduce variability in the measure (e.g. using a grid pattern for bait stations). The technique may prove particularly useful as a replacement for active or passive track counts under conditions where stations cannot be regularly or easily checked (e.g. rugged mountainous terrain). However, the spacing between collection dates may need to be shortened in higher-density populations to compensate for faster consumption rates of baits. An additional advantage of the scat count index was that it proved an effective method for the collection of precisely dated dietary data.
